We investigated the effect of dietary phospholipid (PL) concentrate from bovine milk on the epidermis. Thirteen-week-old hairless male and female mice (Hos:HR-1) were separated into two experimental groups, each fed two experimental diets: the control group and the PL group. The mice were given the experimental diets for 6 weeks. Stratum corneum hydration and transepidermal water loss (TEWL) were measured using Corneometer CM825 and Tewameter TM300 (Courage and Khazaka Electronics, Cologne, Germany) at 3 weeks and 6 weeks. After the feeding period, ceramides in stratum corneum were analyzed. We found that stratum corneum hydration and ceramides in the PL group were significantly higher than those in the control group and that TEWL in the PL group tended to decrease.
We investigated the effect of dietary phospholipid (PL) concentrate from bovine milk on the epidermis. Thirteen-week-old hairless male and female mice (Hos:HR-1) were separated into two experimental groups, each fed two experimental diets: the control group and the PL group. The mice were given the experimental diets for 6 weeks. Stratum corneum hydration and transepidermal water loss (TEWL) were measured using Corneometer CM825 and Tewameter TM300 (Courage and Khazaka Electronics, Cologne, Germany) at 3 weeks and 6 weeks. After the feeding period, ceramides in stratum corneum were analyzed. We found that stratum corneum hydration and ceramides in the PL group were significantly higher than those in the control group and that TEWL in the PL group tended to decrease.
These results indicate that dietary PL concentrate improves epidermal function by increasing the amount of ceramides, resulting in higher hydration.
Key words: bovine milk; phospholipid; sphingomyelin; ceramide; skin Approximately 1% of total lipids in bovine milk is phospholipid (PL). PL is a minor constituent of milk fat, but it is an important structural component of the milk fat globule membrane, preventing the globules from aggregating with each other, acting as an emulsion stabilizer in milk. 1, 2) In addition, the biological functions of PL in bovine milk have come to the attention of researchers in the last decade, and the roles of bovine milk PL in lipid metabolism, cell proliferation, and memory have been reported elsewhere. [3] [4] [5] [6] [7] PL consists of phosphatidylcholine (PC) (35%), phosphatidylethanolamine (PE) (30%), sphingomyelin (SPM) (24%), phosphatidylinositol (PI) (5%), phosphatidylserine (PS) (2%), and lyso-phospholipids in bovine milk. 8) In particular, it is characteristic of bovine milk that SPM is one of the dominant PLs, differently from egg and soy. SPM is composed of a long chain base, sphingosine, the amino group of which is attached to a long-chain fatty acid to form ceramide, to which a phosphocholine group is attached. It is a constituent of mammalian cell membranes and nerves. Recently, roles of SPM in lipid metabolism, cell growth, apoptosis in colon cancer cells, and maturing of intestinal cells in infants have been reported. [9] [10] [11] [12] [13] [14] [15] In the epidermis, ceramides are derived from the hydrolysis of SPM and glucosylceramide (GlcCer) in the stratum granulosum.
16) The main function of epidermis is to generate a relatively impermeable layer, stratum corneum, to protect the organism from dehydration and environmental stress. 17) Ceramides play an important role in the retention of water and in the barrier function in combination with cholesterol and free fatty acids in stratum corneum, and they account for 50% of stratum corneum lipids. 18, 19) Hence epidermal SPM and GlcCer are precursors for ceramides in stratum corneum, and are related to epidermal function.
Recently it was reported that the application of GlcCer concentrate from plant tissues to the dorsal skin of mice reduced transepidermal water loss (TEWL), and that oral administration of GlcCer concentrate improved epidermal function of mice in which barrier disruption was induced, 20) but little is known about effects of SPM on the epidermis when administrated orally. The objective of this study was to determine whether dietary PL concentrate containing 6.9% SPM would improve the barrier function of the epidermis in hairless mice.
Materials and Methods
Preparation of PL concentrate. Milk Ceramide MC-5 (Snow Brand Milk Products, Tokyo) was used as the PL concentrate. We developed Milk Ceramide MC-5 from butter milk. Briefly, casein was removed from butter milk by acid precipitation, after which the remaining solution was freeze-dried to obtain Milk Ceramide MC-5.
y To whom correspondence should be addressed. Fax: +81-49-242-8541; E-mail: y-haruta@snowbrand.co.jp Abbreviations: PL, phospholipid; SPM, sphingomyelin; GlcCer, glucosylceramide; TEWL, transepidermal water loss Analysis of PL species from PL concentrate. Total lipids from PL concentrate were extracted according to a modification of the Roese-Gottlieb method. 21 ) One gram of sample was added to 8 ml distilled water and 1 ml 10% potassium oxalate solution, and this was shaken for 30 s in the tube. Diethyl ether 12.5 ml was added to the tube and shaked it for 30 s, then 12.5 ml of petroleum was added, and this was shaken for another 30 s. After centrifugation, the upper layer was separated and dried with a rotary evaporator. The dried lipid was dissolved in 10 ml of chloroform-methanol (2:1, vol/vol). The content of each PL was analyzed by high performance liquid chromatography (HPLC). The HPLC system of Waters 2690 Alliance (Milford, MA) equipped with an evaporative light-scattering detection (ELSD) PL-ELS 2100 (Polymer Laboratories, Amherst, MA) and an AQUASIL-SS-1251-60 column (250 mm Â 4:6 mm, i.d. 5 mm) (Sensyu Kagaku, Tokyo) were used. The column oven was set to 30 C. The elution program was a linear gradient with 87.5:12:0.5 (vol/vol/vol) chloroform:methanol:triethylamine buffer (pH 3, 1 M formic acid) at t ¼ 0 min to 28:60:12 (vol/vol/vol) at t ¼ 26 min. The mobile phase was kept at 28:60:12 (vol/vol/vol) chloroform:methanol:triethylamine for a further 4 min. The flow was maintained at 0.5 ml/min. 22) The nebulizing gas was kept at a flow rate of 1.6 l/min, and nebulizing temperature was 50 C. PL standard was obtained from Doosan Serdary Research Laboratory (Toronto, Canada). Typical chromatograms of a standard mixture and PL concentrate are shown in Fig. 1 . Peaks were detected at 18, 19, 20, 22, and 29 min. These peaks were identified as PE, PI, PS, PC, and SPM. PL concentrate contained 33.8% PL. The composition of PL species in PL concentrate was PE (10.5%), SPM (6.9%), PC (6.6%), PI (5.3%), and PS (4.5%) ( Table 1 ). The content of PL was about 1,000 times higher than that of conventional bovine milk.
Animals. Hairless male and female mice (Hos:HR-1) were purchased from Japan SLC (Hamamatsu, Japan). Twelve-week-old animals were used (n ¼ 12). Twenty- 
four mice were housed in individual plastic cages in a temperature-and humidity-controlled room (23 C and 40 AE 5% relative humidity) with a 12-h light/dark cycle. Mice were given free access to a commercial diet (CE-2) (Clea Japan, Tokyo) and deionized water over a 1-week adaptation period. All mice were treated in accordance with ''the NIH Guide for the Care and Use of Laboratory Animals.'' 23) After a 1-week adaptation period, mice were separated into two experimental groups of 12 mice each, the control group, and the PL group. The mice had similar mean body weights. All mice were given free access to one of two experimental diets and deionized water for 6 weeks. Body weight was recorded once a week and food intake was monitored daily.
Diets. The compositions of the experimental diets are shown in Table 2 . The basic compositions of the experimental diets were in correspondence with the AIN-76 diet. 24) Diets were modified to contain 10% lipid content. The amounts of essential fatty acids, 2.5% linoleic acid and 0.1% linoleate acid, were equal in the two diets due to the addition of safflower oil and olive oil, because it is known that they are attributable to the epidermal barrier function. 25, 26) In the PL diet, lipid of the diet was replaced with Milk Ceramide MC-5 as a source of PL and safflower oil as one of linoleic acid, since safflower oil is useful in that it contains about 80% linoleic acid. In the control diet, olive oil containing mainly oleic acid was added to 10% lipid content, since corn oil was sufficient to satisfy the linoleic acid content in the diet. In the control diet, PL was not determined. The PL diet contained 4.0% PL, consisting of 1.3% PE, 0.8% SPM, 0.8% PC, 0.6% PI, and 0.5% PS from PL concentrate.
Skin analysis. Stratum corneum hydration and TEWL were measured using Corneometer CM825 and Tewameter TM300 (Courage and Khazaka Electronics, Cologne, Germany) at 3 weeks and 6 weeks. 27, 28) Probes were applied to the skin surfaces of mice. After the 6-week feeding period, mice were deprived of food overnight and anesthetized with diethyl ether. After they were sacrificed, the skin was stripped. Stratum corneum sheets were obtained from the skin by incubating them in 0.5% trypsin solution in phosphate-buffered saline overnight at 4 C. They were dried overnight in a vacuum oven and weighed, and stored at À80 C until further analysis.
Lipid extraction and isolation of ceramides. Total lipid fraction was extracted from stratum corneum according to a modification of the Roese-Gottlieb method.
21) The dried lipid was dissolved in 2 ml of hexane and fractionated by the use of a Megabond Elut Silica column (Varian, Palo Alto, CA) before HPLC analysis. Cholesterylsulfates, triacylglycerols, and free fatty acids were eluted with 6 ml of hexane-diethyl ether (1:1, vol/vol). Then ceramides were eluted with 6 ml of chloroform-methanol (2:1, vol/vol). Finally ceramides were eluted with 6 ml of chloroform-methanol (1:2, vol/vol). Two fractions containing ceramides were mixed and dried under nitrogen. The mixture was dissolved in 2 ml of chloroform-methanol (1:1, vol/vol) and stored at À80 C until HPLC analysis.
Ceramide analysis. Ceramides were analyzed by HPLC system of Waters 2690 Alliance equipped with ELSD PL-ELS 2100. A Pegasil Silica 60 column (250 mm Â 4:6 mm, i.d. 5 mm) (Sensyu Kagaku) was used. The column oven was set at 30 C. The mobile phase was hexane-ethanol (95:5, vol/vol) at a flow rate of 0.8 ml/min.
29) The nebulizing gas was kept at a flow rate of 1.6 l/min and nebulizing temperature was 50 C. Ceramide standard was obtained from Larodan Fine Chemicals (Molmo, Sweden). Ceramides of mouse stratum corneum were eluted for 8 min, and main peak was detected 13 min after cholesterol was eluted (Fig. 2) . The ceramides from human stratum corneum was eluted from 8 to 15 min under the same conditions. 29) We calculated peak areas from 8 to 15 min.
Statistical analysis. All data are presented as means AE SD. They were analyzed by 2-way ANOVA by Tukey's post hoc test. All statistical analyses were performed with SAS Statistical Software. Differences were considered significant at P < 0:05. Statistical tendency was calculated at 0:05 < P < 0:10.
Results
Initial body weight, final body weight, and food intake All mice were separated into two groups to attain similar mean body weights. Final body weight and food 24) supplemented with olive oil or safflower oil. ÃÃ This was identical with AIN-76 mixture. 24) ND, not detected. intake were not significantly different among the experimental groups, but were significantly different between the sexes (Table 3 ). There was no interaction between diet and sex.
-----------------------------------------------------

Stratum corneum hydration
There was a significant increase (P < 0:05) in stratum corneum hydration (CM units) between mice fed the PL diet and those fed control diet at 3 weeks and 6 weeks (Fig. 3) . Oral administration of PL increased stratum corneum hydration at 3 weeks and 6 weeks. There was no interaction between group and sex (Table 4) .
TEWL
TEWL (g/m
2 /h) tended statistically to decrease (P ¼ 0:07) in mice fed the PL diet compared with those fed the control diet at 3 weeks, although it was not significantly different among the experimental groups at 6 weeks. There was no interaction between group and sex ( Table 4) .
Content of ceramides in stratum corneum
There was a significant increase (P < 0:05) in the content of ceramides (mg/mg of dried stratum corneum) in mice fed the PL diet as compared with those fed control diet at 6 weeks (Fig. 4) . Female mice showed a significantly higher (P < 0:05) content of ceramides than the male mice. There was no interaction between diet and sex ( Table 4 ). The content of ceramides of female mice was higher than male mice. It has been reported that gender differences affect skin morphology due to sex hormones. 30) Estrogen, a famous female Cer, ceramides; Ch, cholesterol hormone, increases the skin collagen content and thus maintains skin thickness and elasticity, and that maintains the skin water content.
31)
Discussion
Bovine milk contains 0.03-0.04% PL, 1% of total lipids. Recently, many researchers reported biological functions of PL: it is an important structural component of the milk fat globule membrane, lipid metabolism, cell proliferation, and memory. [1] [2] [3] [4] [5] [6] [7] Especially it is characteristic of bovine milk that PL contains large amount of SPM as compared to egg and soy. It has been reported that SPM has various functions. [9] [10] [11] [12] [13] [14] [15] This is the first study to evaluate the effects of feeding of dietary PL concentrate containing SPM from bovine milk on epidermal function. The epidermal permeability barrier is maintained by the extracellular lamellar lipid matrix within the uppermost layer of epidermis, the stratum corneum. 17) Ceramides representing at least nine subfractions are the major components of the stratum corneum lipids, and they play a role in permeability and in the water reservoir. 19) These ceramides are generated by SPM hydrolysis involving acid sphingomyelinase (aSMase) and by GlcCer hydrolysis involving -glucocerebrosidase. 32 ) SPM is present in large quantities both in the plasma membrane of stratum granulosum cells and in the outer layers of the epidermal lamellar bodies, and it represents three subfractions, sphingomyelin 1 (SPM1), 2, and 3 (SPM3). (aSMase generates C 24 -and C 16 -ceramides from SPM. It has been reported that epidermal SPM of different structures, SPM1 and SPM3, are precursors of ceramide 2 (Cer2) and 5 (Cer5), which may exclusively derive from SPM hydrolysis by aSMase. Cer5 contains an -hydroxy ceramide at the C 16 -fatty acid side chain. -hydroxy ceramides are not only key constituents of the extracellular lamellae, but also major components of corneocyte lipid envelope, a covalently attached bilayer, bound to the external aspect of the cornified envelope. Cer2, which contains C 24 -fatty acids, is quantitatively dominant, accounting for about 40% of hairless mouse stratum corneum ceramides. 33) It is likely that SPM plays an important role in epidermal barrier function.
In the present study, we found that administration of PL concentrate containing SPM from bovine milk made stratum corneum hydration increase at 3 weeks and 6 weeks (Fig. 3) . Moreover, the content of ceramides of stratum corneum significantly increased and TEWL tended to decrease in mice fed the PL diet (Fig. 4) . It is known that the water content of stratum corneum is strongly related to skin surface morphology and that the roughness of skin surface is improved by stratum corneum hydration. 34) Thus an increase in the ceramides of stratum corneum may contribute to the strength of the structure of the extracellular lamellar lipid matrix, which prevents water loss from stratum corneum and improves the barrier function of the epidermis.
PL concentrate contains proteins and PL species such as SPM, PE, PC, PS, and PI. It is not clear which components improve epidermal function in PL concentrate. Sphingolipids, SPM and GlcCer, are important precursors of ceramides in the epidermis.
Dietary SPM is hydrolyzed to ceramide and then to sphingosine and fatty acids in the small intestine. Most of sphingosine is absorbed, rapidly metabolized, converted to palmitic acid, and incorporated into chylomicrons. 35, 36) Previous studies have shown that a radiolabel from dietary SPM appeared in the lymph and also in the serum. 9, 34) A smaller portion of the sphingoid base is reincorporated into more complex sphingolipids. 9, 37) The conversion mechanism of orally administrated PL concentrate into ceramides in stratum corneum remains unclear. We plan to determine sphingoid base composition of ceramides from stratum corneum in mice fed PL concentrate in the near future.
It has been reported that administration of GlcCer concentrate from plant tissues improves epidermal function in hairless mice, 20) but it is unclear whether dietary GlcCer concentrate increases the ceramides level of stratum corneum. GlcCer from plants is hydrolysed to ceramide and free sphingoid bases in the digestive tract. Digestibility of GlcCer from plants is similar to that of SPM. But products degraded from dietary GlcCer from plants are absorbed poorly from the digestive tract in comparison with that degraded from SPM of mammalian origin. 38, 39) These results suggest that the bioavailability and mechanism improving the epidermal function of PL concentrate containing SPM from bovine milk is different from that of GlcCer concentrate. It is necessary to determine dose-dependent amount of PL concentrate. Then we intend to prepare purified SPM from bovine milk to identify the mechanism responsible for the barrier function of stratum corneum.
In conclusion, we found that dietary PL concentrate from bovine milk increased epidermal hydration and ceramides in stratum corneum, indicating that meals with high amounts of PL from bovine milk support improvement of skin health.
